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TIM23 complexThe function ofmitochondria depends on the import of proteins,which are synthesized asprecursors on cytosolic
ribosomes. The majority of the precursor proteins are sorted into the mitochondrial subcompartments via ﬁve
distinct routes. Recent studies revealed that molecular cooperation between protein machineries is a central
feature of mitochondrial protein biogenesis. First, coupling to various partner proteins affects the substrate
speciﬁcity of translocases and single translocation steps. Second, there is a substantial cooperation between dif-
ferent protein translocases in the import of speciﬁc precursor proteins. Third, protein transport is intimately
linked to processing, folding and assembly reactions. Fourth, sorting of precursor proteins is functionally
and physically connected to protein machineries, which fulﬁll central functions for respiration, maintenance of
membrane architecture and form contacts to the endoplasmic reticulum. Therefore, we propose that the protein
transport systems are part of a complicated protein network for mitochondrial biogenesis.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria fulﬁll essential functions for the survival of the cell.
They supply ATP for the cellular metabolism, which is generated by
energy conversion via oxidative phosphorylation. Biosynthesis path-
ways for amino acids, lipids, heme and the formation of iron–sulfur
clusters are located to mitochondria. Additionally, mitochondria pro-
vide a signaling platform for apoptosis. Due to the versatile functions,
defects in mitochondrial biogenesis cause numerous severe diseases
[1,2]. Within the cell mitochondria form a dynamic tubular network,
which constantly undergoes fusion and ﬁssion [3]. To maintain the tu-
bular structure a close contact to the endoplasmic reticulum (ER) is im-
portant [4,5]. In bakers yeast Saccharomyces cerevisiae the ER-
mitochondria encounter structure (ERMES) forms a molecular bridge
between both organelles [4]. Mitochondria have two membranes: the
outer and the inner membrane. The inner membrane can be dissected
into two parts: the inner boundary membrane and the cristae mem-
brane. The inner boundary membrane is in close proximity to the
outer membrane and forms several contact sites to outer membrane
proteins. The cristae membrane forms large invaginations of the inner
membrane, which protrude into the mitochondrial matrix. Protein
complexes of the respiratory chain are enriched in the cristae mem-
branes [6]. Themitochondrial contact site and cristae organizing systemnd Molekularbiologie, ZBMZ,
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g.de (T. Becker).(MICOS) is a large protein complex that is important to form the com-
plex architecture of the inner membrane [7–10].
Mitochondria contain about 1000 different proteins in yeast and
1500 proteins in human to carry out the variousmetabolic and signaling
functions as well as to preserve mitochondrial architecture and gene
expression [11–13]. Due to their endosymbiotic origin mitochondria
contain their own circular genome. Mitochondrial DNA encodes
for eight proteins in yeast and thirteen proteins in humans. Most
mitochondria-encoded proteins are central components of the respira-
tory chain complexes. Thus, the vast majority of mitochondrial proteins
are synthesized on cytosolic ribosomes as precursors. The precursors
contain internal or cleavable signals that target them to the mitochon-
drial surface. The translocase of the outer membrane (TOM complex)
forms the general entry gate for the precursor proteins. After passage
through the TOMchannel different proteinmachineries sort the precur-
sor proteins into the mitochondrial subcompartments (Fig. 1). So far,
ﬁvemain protein sorting pathways intomitochondria have been identi-
ﬁed in yeast mitochondria [14–18]: First, precursor proteins containing
a cleavable presequence are transported into the mitochondrial matrix
and inner membrane via the presequence translocase (TIM23 com-
plex). Second, the carrier translocase (TIM22 complex) mediates the
insertion of inner membrane metabolite carriers. Third, the mitochon-
drial intermembrane space import and assembly machinery (MIA)
drives import of proteins with cysteine-rich motifs. Fourth, the sorting
and assembly machinery (SAM complex) inserts precursors of pro-
teins with a transmembrane β-barrel domain into the outer mem-
brane. Finally, outer membrane proteins with multiple α-helical
transmembrane segments are not imported via the TOM channel,























Fig. 1. Five import routes for mitochondrial precursor proteins. The translocase of the outer membrane (TOM complex) forms the general entry gate for mitochondrial precursors. After
passage of the precursors through the TOM complex different sorting pathways branch off. Precursor proteins with a cleavable presequence are sorted into the inner membrane or mito-
chondrial matrix via the presequence translocase (TIM23 complex). The presequence translocase associated motor (PAM) provides the driving force to complete translocation into the
matrix. The presequence is removed by the mitochondrial processing peptidase (MPP). Precursors of carrier proteins contain internal signal sequences and are guided by the small TIM
proteins through the intermembrane space to the carrier translocase (TIM22 complex),which inserts these precursors into the innermembrane. The carrier and the presequence pathway
depend on themembrane potential across the innermembrane (Δψ). Proteinswith conserved cysteine-rich motifs are sorted into the intermembrane space by the intermembrane space
import and assembly (MIA) pathway. The small TIM proteins also transfer precursors of β-barrel proteins to the sorting and assembly machinery (SAM), which mediates their folding
and membrane integration. Precursors of outer membrane proteins with multiple α-helical membrane spans are recognized by Tom70 and integrated into the target membrane by
the mitochondrial import (MIM) machinery. Oxa1 (oxidase assembly) mediates the insertion of mitochondria-encoded proteins into the inner membrane. OM, outer membrane; IMS,
intermembrane space; IM, inner membrane.
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inner membrane by the oxidase assembly (Oxa1) machinery [19,20].
Initially, it was believed that the distinct protein translocases are largely
independent of each other. Yet in the last few years, import studies
employing a wide variety of precursor proteins and analysis of molecu-
lar interaction partners of protein translocases revealed an extensive
cooperation of protein machineries involved in mitochondrial protein
sorting. Furthermore, mitochondrial protein import is directly linked
to other processes like generation andmaintenance ofmembrane archi-
tecture or respiration. We propose that molecular cooperation of pro-
tein machineries and the functional link to other processes is a central
feature of mitochondrial protein biogenesis.
2. The TOM complex — platform for entry and control
The TOM complex forms the entry gate for most of the mitochon-
drial precursor proteins (Fig. 1). The TOM complex consists of seven
subunits [21–25]. The receptor proteins Tom20, Tom70 and Tom22
bind to incoming precursor proteins [26–34]. The β-barrel protein
Tom40 forms the protein-conducting channel [35–37]. The three small
Tom proteins Tom5, Tom6 and Tom7 are involved in stability and as-
sembly of the TOM complex andmay support precursor protein transfer
towards the translocation pore [38–45]. The TOM complex initiates
sorting of precursor proteins into the mitochondrial subcompartments
by cooperation with other protein translocases [41,46–49]. This sorting
step may be supported by interaction to the central component of the
MICOS complex, Mic60 [7,50,51]. Interestingly, the small TOM subunits
Tom5 and Tom7 associate with proteins involved in ER-mitochondriacontact sites [52–54]. Thus, the TOMcomplex is closely linked to protein
machineries,which are important to providemembrane contacts and to
maintain mitochondrial morphology (Fig. 2).
The TOM complex cooperates with cytosolic factors in protein
import. Such targeting factors bind to precursor proteins after their
synthesis is complete and target them to the TOM receptors on the
mitochondrial surface (Fig. 2). So far, a few targeting factors have been
described [55–64]. For most of these cytosolic proteins it is not clear
whether they are speciﬁcally required for transport of single precursor
proteins or play a more general role in protein targeting. Molecular
chaperones like the cytosolic Hsp70 in yeast and Hsp90 in human sup-
port targeting of hydrophobic precursor proteins by keeping the client
protein in an import-competent unfolded state [59,60,65,66]. Tom70
recognizes these precursor-loaded chaperones on the mitochondrial
surface [59,60]. The chaperones may also support ﬁrst translocation
steps [67]. Systematic identiﬁcation of factors involved in targeting of
mitochondrial precursor proteins will be crucial to shed light on the
mechanism of cytosolic protein transport to mitochondria.
Whereas the chaperone-mediated targeting of precursors reﬂects
post-translation protein transport, several observations point to the
presence of a co-translational protein import mechanism into mito-
chondria as well (Fig. 2). First, cytosolic ribosomes were found at
the outer mitochondrial membrane [68]. Second, mRNAs encoding for
mitochondrial precursor proteins are enriched on mitochondria [69].
Tom20 was reported to mediate the localization of these mRNAs to mi-
tochondria [70]. In the targeting process the presequence is synthesized
and after emerging from the exit tunnel mediates the binding of the
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Fig. 2. The TOM complex forms a control platform for mitochondrial protein biogenesis. Cytosolic factors like chaperones and ribosomes accompany precursor proteins to the TOM
receptors. The TOM complex is phosphorylated by several cytosolic kinases to adjust protein transport to the physiological state of the cell. Damagedmitochondria initiate quality control
mechanisms at the TOM complex. TOM subunits participate in the formation ofmolecular bridges between ER andmitochondria and interact with themitochondrial contact site and cris-
tae organizing system (MICOS). Finally, the TOM complex cooperates with protein translocases to mediate initial steps of mitochondrial protein sorting.
1121L.-S. Wenz et al. / Biochimica et Biophysica Acta 1853 (2015) 1119–1129synthesis at the ribosome and import of the model precursor fumarase
into yeast mitochondria occurs in a coupled manner [72]. Third, it
was reported that ribosome-nascent chain complexes of speciﬁc mito-
chondrial proteins are enriched at the mitochondrial surface [73]. The
outer membrane protein of 14 kDa (Om14) may act as receptor for
the ribosome-nascent polypeptide associated complex [74], which pro-
motes targeting of some precursors to mitochondria [75,76].
Protein import into mitochondria is controlled at the level of the
TOM complex. The TOMcomplex is phosphorylated by cytosolic kinases
in response to different growth conditions and to the cell cycle (Fig. 2)
[77,78]. Phosphorylation of TOM subunits modulates the assembly of
the TOM complex and therefore the availability of functional TOM
translocases [78,79]. In addition, phosphorylation directly impairs the
binding of cytosolic Hsp70 chaperones to Tom70. Consequently, the im-
port of Hsp70-guided carrier precursors is impaired upon phosphoryla-
tion of Tom70 [79]. Recent observations revealed that the TOM complex
in cooperation with associated factors functions as checkpoint of mito-
chondrial quality control (Fig. 2). In damaged human mitochondria
the PTEN-induced putative kinase 1 (PINK1) accumulates at the TOM
complex in a Tom7-dependent manner [80,81]. PINK1 subsequently
recruits the E3-ubiquitin-ligase Parkin to the mitochondrial surface.
Subsequently, Parkin ubiquitinates outer membrane proteins, which
leads to the initiation of mitophagy. In healthy mitochondria, PINK1 is
imported into the inner membrane and degraded [82]. Moreover, qual-
ity control takes place at the entry into the TOM complex. Stalled ribo-
somes translating mRNA, which encodes for mitochondrial precursors
are cleared at the level of the TOM complex [83]. Thus, by interacting
with different partner proteins the TOM complex provides a central
control point for regulation of mitochondrial biogenesis.
3. The highly interactive presequence translocase
The majority of the mitochondrial proteins are synthesized with a
cleavable presequence, which targets the precursors to mitochondria.
After passage of the TOM channel these precursor proteins are trans-
ferred to the TIM23 complex, that mediates either transport into the
matrix or lateral release into the inner membrane. Subsequently, the
mitochondrial processing peptidase (MPP) removes the presequence,
which allows the protein to fold. Strikingly, precursors that are trapped
at the translocase can be processed by MPP, indicating a close coopera-
tion between the presequence translocase and the peptidase [84]. TheTIM23 complex consists of ﬁve membrane-embedded components:
Tim23, Tim17, Tim50, Tim21 and Mgr2 (Fig. 3). Tim23, Tim50 and
Tim21 each expose a soluble domain into the intermembrane space,
which contact Tom22 of the TOM complex [85–90]. The association of
both translocases is dynamic, but a TOM-TIM23 supercomplex could
be stabilized by arrest of a precursor protein in transit [47,91]. Tim50
acts as a primary receptor for precursor proteins delivered by the TOM
complex [92–96]. It binds to the intermembrane space domain of
Tim23 to transfer the precursor proteins towards the translocation
pore formed by Tim23 [87,97]. The membrane potential across the
inner membrane drives protein transport by two different ways. First,
it provides an electrophoretic force for the transport of the positively
charged presequence [98,99]. Second, it activates the Tim23 channel
for protein transport [100,101]. Tim50 closes the inactive Tim23
channel to prevent leakage of protons [102]. Tim21 and Mgr2 mediate
binding of the respiratory chain supercomplexes to promote the
membrane-potential dependent translocation step (Fig. 3) [103–105].
Protein transport into the mitochondrial matrix additionally requires
ATP, which is utilized by the presequence translocase-associated
motor (PAM). The PAM module associates with the TIM23 complex in
a dynamic manner. Binding of a presequence peptide to Tim50 facili-
tates release of Tim21 and association of Pam17, which stimulates the
recruitment of PAM subunits to drive protein transport into the matrix
(Fig. 3) [85,91,106–108]. Within the PAM module, Tim44 provides
a docking site for the mitochondrial Hsp70 (mtHsp70) [109–111].
The activity of the chaperone is controlled by the J-protein Pam18
and its binding partner Pam16 as well as by the nucleotide-exchange
factor Mge1 [112–119]. Cycles of ATP-dependent precursor binding
and release by mtHsp70 drive protein translocation across the inner
membrane [120–123]. The dynamic cooperation of TIM23 with the
PAM module allows the rapid switch from protein transport into
the matrix to protein release into the inner membrane [85,124].
Interestingly, Mgr2 exerts a quality control function in the sorting of
precursor proteins into the inner membrane [125]. Thus, the TIM23
complex associates with different protein machineries to drive protein
import (Fig. 3). First, the TIM23 complex interacts with the TOM com-
plex during transfer of precursor proteins. Second, TIM23 cooperates
with the ATP-consuming mtHsp70 of the PAM machinery for protein
transport into the matrix. Third, the association with the respiratory
chain complexes promotes membrane-potential dependent protein



























Fig. 3. The TIM23 translocase cooperates with different partner proteins in protein transport. Precursors with a cleavable presequence are imported via the TOM complex and sorted into
the inner membrane or mitochondrial matrix by the TIM23 complex. The TIM23 complex interacts with several protein machineries. Precursors are transferred from TOM to the TIM23
complex via interaction sites between both translocases. The association of the respiratory chain supercomplex, consisting of cytochrome c reductase (bc1) and the cytochrome c oxidase
(COX), with TIM23 promotes themembrane potential (Δψ) dependent translocation step. The TIM23 translocase further binds to theADP/ATP carrier (AAC). Transport into themitochon-
drial matrix additionally depends on the activity of the PAMmachine. The TIM23 complex cooperates with Oxa1 in the membrane-insertion of the multispanning protein Mdl1.
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The functional implication of the link to metabolite transport is not en-
tirely clear.When the respiratory activity is compromisedmitochondria
have to import ATP (four negative charges) from the cytosol in ex-
change for ADP (three negative charges) to supportmitochondrial func-
tion [128]. This reverse ATP/ADP transport generates a low membrane
potential across the inner membrane and supplies ATP for the PAM
module, which both may promote protein import into mitochondria
[127]. Finally, the TIM23 complex cooperates with Oxa1 in the integra-
tion of the multispanning mitochondrial multidrug-resistance-like
protein Mdl1 into the inner membrane (Fig. 3) [129]. Mdl1 contains
six membrane-spanning regions. Tim23 inserts the N-terminal and
C-terminal transmembrane segments, whereas Oxa1 facilitates inser-
tion of the two central α-helices into the inner membrane [129].
Altogether, the TIM23 complex cooperates with different partner
proteins to drive sorting of various types of precursor proteins.
Recent ﬁndings indicate that subunits of the TIM23 and PAM
machinery are involved in the assembly of the cytochrome c oxidase
(complex IV). In human mitochondria Tim21 is part of an assembly in-
termediate and crucial for the assembly of subunits into the mature
complex IV [130]. In yeast, mtHsp70 associates with speciﬁc factors to
promote biogenesis of complex IV [131,132]. First, mtHsp70 binds to
Mss51 (mitochondrial splicing suppressor), which is a translational ac-
tivator of the mitochondria-encoded Cox1 [131,133,134]. Second, after
import into the matrix the Cox4 precursor remains stably bound to
the chaperone. Since Cox4 is crucial to build up the mature complex
IV,mtHsp70-Cox4 populationmay serve as a back-up system to provide
Cox4 for the assembly pathway when needed [132]. The mtHsp70
also stimulates the biogenesis of mitochondria-encoded subunits [135,
136]. Thus, the activity of mtHsp70 is important to mediate assembly
of imported subunits with proteins that are encoded by the mitochon-
drial genome. In addition, mtHsp70 mediates folding of imported pre-
cursor proteins. The chaperone associates with distinct J-proteins in
the matrix and at the presequence translocase [137]. Thus, proteinimport via the TIM23 complex is closely linked to folding and subse-
quent assembly into functional protein complexes.
4. Cooperation of the carrier translocasewith the small Tim proteins
The TIM22 complexmediates insertion ofmultispanning carrier pro-
teins into the inner membrane that lack a cleavable presequence
(Fig. 4). The small Tim proteins Tim9/Tim10 form a hexameric complex,
which binds the hydrophobic precursors, upon exit from the TOM
channel [46,138–141]. The Tim9/Tim10 complex acts as a chaperone
to guide the precursors through the intermembrane space to the
TIM22 complex [142–144]. At the carrier translocase the precursor is
transferred to a Tim9/Tim10/Tim12 complex, which is anchored via
Tim12 at the TIM22 complex [138,145,146]. Tim54 exposes a large
soluble domain into the intermembrane space, which may function
as a docking site for the small Tim proteins [147]. The twin-pore of
Tim22 is crucial for the subsequent integration of the precursors into
the innermembrane [147–150]. The carrier translocase further contains
a subcomplex of Tim18 and Sdh3 [151–153], which plays a central role
in the assembly of the TIM22 complex [153,154]. Interestingly, Sdh3 is
also a component of the succinate dehydrogenase (SDH) complex of
the respiratory chain, where it functions in electron transport (Fig. 4)
[155,156]. The dual localization of Sdh3 points to a common evolution-
ary origin of the SDH and TIM22 complexes [153].
5. The various substrates of Mia40
The import of precursor proteins with a cysteine-rich motif into the
intermembrane space occurs via the TOM channel, though indepen-
dently of the main TOM receptors [157]. The translocation is driven by
oxidative folding and trapping of the precursors in the intermembrane
space [158,159]. Mia40 promotes the formation of disulﬁde-bonds
and thus folding of the imported precursors (Fig. 5) [160–164]. In this
































Fig. 5. Themultiple functions of Mia40. Mia40 promotes import of cysteine-rich precursor
proteins into the intermembrane space. Thereby, Mia40 induces disulﬁde bond formation
via oxidative folding within the substrate, which traps the precursor protein in the inter-
membrane space. Erv1 reoxidizes Mia40. The MICOS complex brings Mia40 close to the
TOM complex to promote MIA-dependent protein import. Mia40 also induces disulﬁde
























Fig. 4. The TIM22 complex mediates biogenesis of carrier proteins. Precursors of carrier
proteins are transported through the TOM channel and subsequently guided by the
small Tim proteins to the TIM22 complex. The carrier translocase mediates the insertion
of these precursor proteins into the inner membrane in a membrane potential dependent
manner. The TIM22 complex contains Sdh3, which is also a subunit of the succinate dehy-
drogenase (SDH) of the respiratory chain.
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oxidized by Erv1, which transfers the electrons via cytochrome c to
the respiratory chain [165–170]. In addition, the redox potential of an
intermembrane space pool of glutathione inﬂuences the oxidative
state of Mia40 and thereby protein import [169,171,172]. To allow
rapid folding, Mia40 accepts incoming precursor proteins in close
proximity to the TOM channel [7]. Mic60 of the MICOS complex was
shown to interact with both TOM and Mia40, thereby positioning
Mia40 in the vicinity of the Tom40 channel (Fig. 5) [7,50]. Thus, the
MIA machinery cooperates with the TOM complex, MICOS and the re-
spiratory chain during protein transport into the intermembrane space.
Recent studies revealed that the central component of theMIA path-
way, Mia40, plays a broader role in mitochondrial protein biogenesis
than previously anticipated (Fig. 5).Mia40 promotes import and folding
of the protease Atp23 within the intermembrane space, which can also
occur independently of the presence of cysteines. Mia40 contains a hy-
drophobic binding pocket, which is crucial to exert the chaperone-like
activity and prevents aggregation of Atp23 [173]. In addition, Mia40
promotes the import of hydrophobic precursors into the inner mem-
brane (Fig. 5) [174,175]. Mia40-mediated oxidation of the Tim22 pre-
cursor is a prerequisite for the subsequent assembly into the TIM22
complex [175,176]. Mia40 also confers disulﬁde bonds to precursor pro-
teins, which are further imported into the matrix (Fig. 5) [177,178].
Upon oxidative stress, Mia40 promotes the transport of p53 into mito-
chondria of human cells to protect the mitochondrial genome from
oxidative damage [177]. In yeast, Mia40 introduces disulﬁde bonds
into the precursor of Mrp10, which is a subunit of the mitochondrial ri-
bosome. Subsequently, the Mrp10 precursor is imported via the TIM23
complex into the matrix and assembles into the ribosome. When the
formation of disulﬁde bonds is blocked, Mrp10 is rapidly degraded[178]. In summary, by cooperation with other translocases Mia40 cou-
ples import and folding of different types of precursor proteins. Future
studies have to determine the substrate spectrum of Mia40 to assess a
potential broader role of this import mechanism for mitochondrial
biogenesis.
6. The functional diversity of the SAM platform
The mitochondrial outer membrane harbors proteins, which are
integrated into the outer membrane by a β-barrel structure. Since
this class of proteins fulﬁlls central functions like protein and metabo-
lite transport, the biogenesis of β-barrel proteins is essential for cell
viability. Precursors of β-barrel proteins are imported via the TOM com-
plex and transferred to the SAM complex, which mediates folding and
integration of the precursors into the outer membrane (Fig. 6A) [49,
179–181]. The SAM complex contains three core subunits. Sam50 (also
termed Tob55) is a conserved protein and the central component of the
SAM complex [179,182–184]. It consists of a conserved polypeptide-
transport associated domain (POTRA) and a transmembrane β-barrel,
which constitutes a channel in proteoliposomes [185,186]. The POTRA
domain facilitates release of precursors from the SAM complex [187].
Sam50 associates with two peripheral SAM subunits, which are largely
exposed to the cytosol. Sam35 (Tob38) binds to the incoming precursors
via a conserved β-signal within the last β-strand [181,186,188,189].
Sam37 (Mas37) stimulates the release of the precursor and is important
for the stability of the SAM complex [180,190].
Coupling of the SAM complex to other protein complexes promotes
biogenesis of β-barrel proteins (Fig. 6A). The SAM complex is linked to
the TOM complex via the cytosolic domain of Tom22. The formation of
the TOM–SAM supercomplex facilitates transfer of precursor proteins
from the TOM to the SAM complex. Dissociation of the TOM–SAM
supercomplex leads to impaired folding of the precursor, which reveals
the close link between the activities of both translocases [49]. The small
Tim proteins cooperate with the TOM–SAM supercomplex probably
































Fig. 6. Coupling of the SAM complex to distinct partner proteins mediates outer mem-
brane protein biogenesis. (A) Precursors of β-barrel proteins are imported via the TOM
complex and transferred to the coupled SAM complex, which mediates folding and
membrane insertion of the precursors. The small Tim proteins support the transfer
step between both translocases. The TOM and SAM complexes interact with MICOS,
which may support sorting of β-barrel proteins. (B) The SAM complex associates with
Mdm10 to promote assembly of the TOM complex. Binding of Tom7 to Mdm10 induces
dissociation of the SAM–Mdm10 complex. Mdm10 is also a component of the ERMES
(ER-mitochondria encounter structure) complex, which forms a molecular tether be-



























Fig. 7. The central function of theMIMmachinery in outermembrane protein sorting. Pre-
cursors of multispanning outermembrane proteins are recognized by Tom70 and directly
transferred to the MIM machinery for assembly into the outer membrane. Precursors of
Tom20 and Tom70 are delivered from the cytosol to the MIM machinery. In contrast,
the precursor of Om45 isﬁrst imported via the TOM channel and subsequently transferred
on the intermembrane space side to theMIMmachinery. The TIM23 translocase mediates
the transport of the large soluble domain of Om45 across the outer membrane.
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of the MICOS complex via the POTRA-domain of Sam50 (Fig. 6A)
[8,51,191,192]. Alterations of the levels of Mic60 affect the biogenesis
of β-barrel precursor proteins [51,192]. It was further reported that
the molecular connection between the MICOS and SAM complex
contributes to the organization of inner membrane cristae junctions
[191,192]. Furthermore, the SAM complex is functionally linked
to the ER-mitochondria tether ERMES. The SAM complex associates
with Mdm10, which is also a component of the ERMES complex
[184,193–196]. In addition, the biogenesis of β-barrel proteins is im-
paired in mutants of ERMES subunits [196–198].
The SAM complex cooperates with different partner proteins to cou-
ple import and assembly of TOM subunits. The SAM–Mdm10 complex
facilitates the association of Tom22 with Tom40 to form the mature
TOM complex [194,195,199–202]. In this context, Mdm10 may exert
two functions. On the one hand, it was reported that the binding
of Mdm10 to the SAM complex stimulates the release of the Tom40
precursor from the SAM complex [195]. On the other hand, the SAM–
Mdm10 complex provides the Tom22 precursor for the assembly of
the TOM complex [200,201]. Association of Mdm10with Tom7 controls
segregation of Mdm10 between the SAM and ERMES complex (Fig. 6B)
[52,53,201]. The SAM complex can also interact with the Tom40 precur-
sor to form a platform for the assembly of the small TOM subunits Tom5and Tom6 with Tom40 [45,199,200,203]. Thus, coupling to different
partner proteins affects the substrate speciﬁcity of the SAM complex.
The TOM–SAM supercomplexmediates β-barrel biogenesis. In contrast,
binding of Mdm10 or Tom40 enables the SAM complex to catalyze the
biogenesis of outer membrane proteins with α-helical membrane an-
chor. Altogether, binding of partner proteins and the close association
to ERMES and MICOS complexes places the SAM complex at a central
position for outer membrane biogenesis.
7. Cooperation of the MIMmachinery
Different routes for proteins with α-helical membrane spans into
the outermembrane have been reported. TheMIMcomplex plays a cen-
tral role in this process. The MIM complex consists of multiple copies of
Mim1 and Mim2 (Fig. 7). Both proteins are required for the stability
of theMIMmachinery [204]. TheMIM complex is crucial for the biogen-
esis of multispanning outer membrane proteins. Tom70 recognizes
these outer membrane precursor proteins on the mitochondrial surface
[60,205,206]. Subsequently, the precursors are transferred to the MIM
machinery, which mediates their integration and assembly into the
outer membrane [205,206]. Mim1 further stimulates the biogenesis of
Tom20 and Tom70, which are anchored into themembrane via a single
N-terminal α-helix [207–209]. All these precursor proteins are deliv-
ered to the MIM machinery from the cytosolic side of the outer mem-
brane (Fig. 7). The insertion of precursors of other single-spanning
outer membrane proteins from the cytosol involves TOM and SAM sub-
units or may occur independently of proteins [199,210–213]. Whereas
most of the single-spanning proteins comprise a soluble domain facing
the cytosol, the outer membrane protein of 45 kDa (Om45) contains a
large domain exposed into the intermembrane space [214–216]. The
precursor of Om45 is ﬁrst transported across the TOM channel and
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brane space via the MIM machinery [215,216]. Strikingly, the transport
of the large soluble domain of the Om45 precursor into the intermem-
brane space depends on the TIM23 complex [215,216]. Thus, the im-
port pathway of Om45 is a fascinating example how distinct protein
complexes of different import pathways cooperate to promote the bio-
genesis of a precursor protein. Interestingly, Mim1 also physically and
genetically interacts with SAM components [187,207,217]. The associa-
tion of SAM and MIMmay play a role in the assembly of the TOM com-
plex [45]. Altogether, theMIM complex cooperates with several protein
machineries of twomembranes to catalyze biogenesis of different types
of outer membrane precursor proteins.
8. Conclusions
The transport of precursor proteins into mitochondria follows
ﬁve main import routes. Molecular cooperation of the translocases is
an important feature of mitochondrial protein biogenesis. Coupling to
distinct partner proteins can alter the substrate speciﬁcity of protein
translocases or promote speciﬁc translocation steps. Furthermore, pro-
tein import is closely linked to processing, folding and assembly of
the imported precursor proteins. This mechanism is an elegant way to
avoid deleterious accumulation of unfolded or unassembled proteins.
In addition, a signiﬁcant crosstalk between the individual import routes
exists. Depending on the imported precursor, protein translocases
can facilitate speciﬁc steps of different mitochondrial protein sorting
pathways. Finally, we propose that the protein import system is part
of larger network that controls mitochondrial physiology and architec-
ture. This notion is supported by functional interactions of protein
translocases with the ER-mitochondria tethers, the MICOS complex
and the respiratory chain complexes. The embedment into such a
network allows the ﬁne-tuning of protein biogenesis according to the
physiological stage of mitochondria. In particular, the TOM complex is
the target for regulation of protein import by cytosolic kinases. Thus,
protein transport into mitochondria represents more than a simple
translocation step, but engages a complicated protein network.
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